endocytosis, most commonly clathrin mediated endocytosis. The low pH in the endosome promotes the fusion of the viral and endosomal membranes, releasing the viral ribonucleoprotein complexes (vRNPs) into the cytoplasm. The vRNPs, containing the viral genome coated by NPs and associated to the viral polymerases must be imported into the nucleus for transcription and replication. Nucleoprotein has been shown to possess a nuclear localization signal that is sufficient to activate the nuclear import of the vRNPs. Once in the nucleus the viral RNA will be replicated into new vRNA through a positive-sense intermediate (cRNA) and transcribed into viral messenger RNAs. The viral mRNAs can be spliced into different transcripts and they are exported from the nucleus and translated into viral proteins in the cytoplasm. Some of the viral proteins re-enter the nucleus to assemble vRNPs. Others are directed to the cell membrane through the Golgi apparatus where they form lipid rafts. The vRNPs are then also directed to the same region of the cell membrane where the budding of new viral particles occurs. All the steps described above significantly depend on the host cell machinery, therefore characterizing the involvement of host factors in infections is of great scientific interest. It can better clarify the viral life cycle and allow the identification of important drug targets to treat the diseases caused by these infections. Influenza virus infection occurs yearly in all countries of the world. It usually kills between 250,000 and 500,000 people and causes severe illness in millions more. Over the last century alone we have seen 3 global influenza pandemics. The great human and financial cost of this disease has made it the second most studied virus today, behind HIV (2).
Genome-wide Influenza dependency host factor screens
In order to gain new insight into the life cycle of Influenza viruses and to identify potential therapeutic targets for infection, several laboratories have focused in genome-wide screen strategies. Screens based on four different strategies were compiled for this meta-analysis (table I) .
Genome-wide RNAi screening
Most of the data collected was based on genome-wide RNAi experiments, this type of screen employs systematic knockdown of known genes and evaluates the effect depletion of that given target has in infection. The first Influenza infection RNAi screen was reported by Hao, et al in 2008 (3) . This study was based on infection of Drosophila cells; it used a modified A/WSN/33 influenza strained capable of infecting Drosophila cells and producing a fluorescent reporter in infected cells (table I) . Out of the 13,071 genes targeted 175 were identified as affecting reporter expression and therefore Influenza infection. A list of 130 human homologues to the 175 genes identified was used in this meta-analysis (table SI) . Among these are ATP6V0D1, COX6A1 and NFX1, genes whose importance in Influenza infection was confirmed in mammalian cell systems (3) . Using genome wide RNAi screens targeting over 17,000 genes in mammalian cells other groups also investigated the importance of host factors for Influenza infection. Konig, et al (4) and Karlas, et al (5) both used the human A549 lung cell line infected with A/WSN/33 Influenza strain for their screens. Brass, et al (6) made use of an osteosarcoma cell line infected with A/PR8/34 strain of Influenza (table I) . As seen in the experiments performed by Hao, et al (3) the assay readout for two of these screens was quantification of a virally encoded reporter protein (4) or a viral protein (6). The three screens described above (Hao, et al (3) ; Konig, et al (4) and Brass, et al (6) ) can evaluate only part of the viral life cycle, up to the point of viral protein translation. They do not assess factors needed for viral budding or the infectivity of the produced viruses. Circumventing this problem Karlas, et al (5) evaluated the entire viral life cycle by quantifying the infectivity of viruses produced by the RNAi containing cells. One last genome-wide RNAi screen used in this meta-analysis came from the work of Shapira, et al (7) . In a different approach, this group started out by using a combination of yeast two hybrid, to detect host-viral protein interactions, and microarray, to evaluate how infection altered the expression of host genes. These identified host genes affected by Influenza viruses were then targeted by RNAi to determine their importance in infection. This screen also assessed the infectivity of viruses produced by RNAi treated cells, making it possible to evaluate the entire viral life cycle.
These screens identified hundreds of novel host factors required for Influenza infection, they are summarized in table  I and table SI. Only the final results presented in each paper, after application of all statistical tests, were used in this meta-analysis (table SI) .
Random homozygous gene perturbation (RHGP)
In a different perspective on the issue, Sui, et al (8) looked to identify host genes that contributed to resistance to Influenza infection. They used RHGP to generate a library of randomly silenced or overexpressed genes in MDCK cells. This library was infected with a high dose of Influenza virus (A/Udorn/72 strain) that would lead to cell death. Surviving cells presented altered expression of a gene that rendered them resistant to Influenza infection, allowing the identification of 110 such host cell factors (table I and table SI) .
Viral particles proteomics
All the proteins controlling viral exit, entrance and initial replication in the host cell are thought to be contained within the viral particle. Two reports by Shaw, et al (9) and Song, et al (10) demonstrate that these viral particles contain not only viral proteins, but also several host proteins. In order to identify these host proteins packaged within the Influenza virion these two groups purified Influenza virus particles (9) or recombinant Influenza virus-like particles (10) and used mass spectrometry to identify all proteins present. Over 30 host proteins were identified in each screen, with the presence of cytoskeletal proteins been a common theme on both (table I and table SI) . Identification of host proteins specifically incorporated into virions can indicate their requirement for infection, making them good targets for antiviral drugs.
Host-pathogen protein-protein interaction database (HPIDB)
Host-pathogen protein interactions have a very important role in infection. From infection initiation to the budding of new viral particles the virally encoded proteins interact with several host factors. These interactions have been described extensively in the literature and in numerous databases. The HPIDB integrates these experimental results into a single, non-redundant resource (11) . It collects data on several pathogens, for this analysis all information available for Influenza virus (A/PR/8/34) was downloaded from their server (12) and identified genes can be seen in figure 3 ).
The possibility of false positives in these high-throughput screens should always be considered. However, it's also possible that the differences in experimental designs may account for the inconsistencies obtained. This hypothesis might be substantiated by the pairwise analysis of the gene lists (figure 2). The most similarity is observed between the results obtained by Konig, et al (4) and Karlas, et al (5), these two studies used genome-wide RNAi in A549 cells infected with the same Influenza strain (A/WSN/33) as seen in table I. Another interesting aspect revealed by pairwise analysis of the gene lists is that among the ten most similar pairs of lists six of them refer to HPIDB containing comparison pairs, indicating that most screens recapture several previously known Influenza -host interactions already present in available literature curated databases.
Analysis of high confidence Influenza dependency host factors.
Genes identified in 2 or more screens were considered high confidence influenza dependency host factors, resulting in a total of 147 genes (figure 3). A protein-protein interaction (PPI) network containing these 147 genes was constructed based on known PPIs from curated databases (13, 14) . Graph theoretic clustering analysis of the above described network with the MCODE algorithm (15) identified seven highly interconnected protein complexes. Genes present in each of these complexes displayed statistically significant overrepresentation of specific gene ontology (GO) categories, as seen in figure 4. This indicates that the identified clusters are likely protein complexes that participate in the enriched biological processes identified. In this case: translation, translation initiation, RNA processing, vATPase complex, Golgi vesicle coating, nuclear pore complex transport, nitrogen compound metabolism and phosphoinositide 3-kinase complex. This analysis identified with high confidence the biological complexes in the host cell that were important for Influenza infection ( figure  4) .
Expanding analysis to all identified Influenza dependency host factors.
In order to expand our analysis to all genes identified in all different screens a new PPI network was created. Nodes in this network represented all genes present in all gene lists used in this meta-analysis. Interaction information was obtained from curated databases (13, 14) in conjunction with the interactions described at HPIDB (11) . Clustering and GO annotation enrichment analysis of this network identified the same clusters found in the high confidence network from figure 4, however expanding the identified complexes to incorporate novel nodes identified in only one screen (figures 5 and 6). Several new complexes with different biological functions were also identified in the analysis of the complete network, bringing the total of biological complexes important for Influenza infection to 17, as seen in figure 5 .
Host cell protein complexes and biological processes involved in the Influenza virus life cycle.
The host-pathogen interaction network displayed in figure 5 was constructed using all genes present in this meta-analysis (table SI) and curated databases of PPIs (11, 13, 14) . The resulting network contained 1,295 nodes connected by 18,452 edges. Clustering analysis identified 17 protein complexes in this network, comprised of 369 nodes highly interconnected by 9,893 edges (926 nodes remained unclustered). These protein complexes are enriched for specific GO categories, indicating their function in the cell ( figure 6 ).
Insights into the role these protein complexes might play during infection can be obtained by correlating them to the Influenza virus life cycle. This life cycle can be summarized into the following: viral entry into the host cell, import of vRNPs into the host nucleus, transcription and replication of the viral genome, export of vRNPs from the host nucleus, and assembly and budding at the host cell plasma membrane.
Viral entry into the host cell and uncoating
Viral entry into the cell is mediated by the interaction of the viral membrane protein HA with sialic acid on the host cell's surface. This binding leads to receptor mediated endocytosis and the viral entry into the host cell in an endosome. Several of the protein complexes identified as host dependency factors for Influenza infection likely play a role in this stage of the viral life cycle. For example, a transient PI3K activation ( fig. 6 , cluster 5) due to virion attachment promotes its internalization (16) , while at the same time inhibiting apoptosis in the early stages of viral infection (17) . Regulation of apoptosis (detected in cluster 10, fig. 6 ) is a common theme during the Influenza virus life cycle, with viral proteins promoting its inhibition in the initial stages of infection and its induction in later stages (18) . Endocytosis of Influenza virus also utilizes pathways used by growth factor receptors ( fig. 6, cluster 12) , and viral particles are sorted into the same endosomal populations as GFRs. Activation of signaling by these receptors also enhances viral uptake by the cell and later viral replication (19) . Protein ubiquitination ( fig. 6 , cluster 2) is also required for proper sorting of GFRs into the vacuolar pathway, and it is possible this pathway also has an effect in proper sorting of Influenza virus containing vacuoles (19) . Inhibition of the ubiquitin-proteasome system has been shown to impair viral entry into the cell by sequestering viruses into endocytic compartments (20) . Once the virus enters the cell through endocytosis, most of its initial trafficking within the host cell is mediated by vesicle transport. The coatomer 1 vesicle transport complex was identified as a host dependency factor in several screens (fig. 6, cluster 9) and it mediates vesicle transport from the early to the late endosome (17) . Other vesicle transport factors have also been identified in cluster 15 ( fig.6 ).
The endocytic compartment is also where viral uncoating happens, the endosomal membrane fuses with the viral membrane while the vRNPs are released into the cytoplasm November 2012 of the host cell. This membrane fusion event requires a low pH environment; this is achieved in the endosome by proton transporting V-type ATPases (clusters 10 and 17, fig. 6 ). The acidity found in the endosome, created by these vATPases, is also responsible for opening the viral M2 ion transporting channel, thus acidifying the viral core and releasing the vRNPs from M1 so they are free to enter the cytoplasm (21).
As described above, 7 out of 17 protein complexes identified as host dependency factors in this meta-analysis are important for these initial steps of Influenza infection. It's possible that this is partially due to the design of the screens used, with 3 of the genome-wide RNAi screens only evaluating the viral life cycle until viral protein translation, therefore focusing only in these initial stages of infection. genome. Nuclear replication is very beneficial to the virus, as it gains access to the host splicing machinery, facilitates cap-snatching and increases opportunities for evasion of antiviral host responses (22). Large structures, such as the vRNPs can only enter the cellular nucleus through translocation across nuclear pore complexes. NPC transport is mediated by the interaction of the target proteins with transport factors known as karyopherins, entrance into the nucleus is mediated by importins while nuclear export is done by exportins. The interaction between target proteins and karyopherins is mediated by short amino acid motifs present in the target proteins; nuclear localization signals (NLSs) mediate interaction with importins while nuclear export signals promote interactions with exportins. Viral proteins present in the vRNP (NP, PA, PB1 and PB2) contain nuclear localization signals (NLS) (21), these NLSs become apparent after the vRNP is released from the M1 viral protein, enabling them to enter the nucleus through nuclear pore complex transport pathways (cluster 4, fig 6) . Newly synthesized viral proteins that are part of the vRNPs (PA, PB1, PB2 and NP) also have to be imported into the nucleus after cytoplasmic translation to assemble novel vRNP particles. These proteins interact with a range of importins for nuclear entrance and it has been shown that these importins function as chaperones for these subunits as well as chaperoning the formation of the vRNP complex itself (22).
Import of vRNPs into the host nucleus
November 2012 8 Figure 5 : Influenza dependency host factors interaction network. Genes identified in all screens were used to build the interaction network displayed. MCODE analysis (degree cutoff = 2) identified 17 clusters present, these are described in more detail on figure 6. 
Transcription and replication of the viral genome
Once inside the nucleus the vRNPs get transcribed into mRNAs and replicated via positive sense RNAs. While the viral polymerase complex catalyzes transcription and genome replication, several host proteins play a role in these processes and can affect their efficiency. Host RNA polymerase II (RNPII) for example (identified in fig.  6 , cluster 8), when in its active state (phosphorylated Ser5 on the CTD) can bind the viral polymerase complex (21) . RNAPII has also been shown to be required for transcription of viral mRNAs (17) .
As mentioned previously, nuclear transcription of viral mRNAs gives it access to the host splicing machinery. The Influenza virus genome has two segments that encode two different proteins due to alternative splicing, segment 7 encodes M1 and M2 while segment 8 encodes NS1 and NS2 (or NEP). The Influenza virus uses the host cell splicing machinery to express these two proteins (cluster 1, fig. 6 ). At the same time viral proteins prevent the host cell from using its own splicing machinery hampering the processing of host mRNAs (21) .
Nuclear export of vRNPs and viral mRNAs and translation of viral proteins.
The viral mRNAs encoding viral proteins must be exported from the nucleus for translation. Viral genomes, packaged into vRNPs also have to be exported from the nucleus for assembly of novel viral particles in the cytoplasm of the host cell. This nucleo-cytoplasmic trafficking occurs through transport across nuclear pore complexes, using different transport factors (cluster 4, fig. 6 ).
The export of viral mRNAs is dependent on NFX1, a known host mRNA export pathway that gets exploited by the Influenza virus. Not only does the virus highjacks this pathway for export of its own mRNAs it also blocks its usage for export of host mRNAs, which are then retained in the nucleus (23) . The nuclear retention of host mRNAs increases viral "cap-snatching" and inhibits the host immune response (17) . Another important modulator of immune response is WNT signaling (cluster 14, fig. 6 ), this pathway not only affects the host immune response but also significantly impacts Influenza replication of the viral genome (7). The nuclear export of negative sense vRNPs containing the viral genome is mediated by CRM1. In order for vRNP export to occur M1 and NS2 are required. M1 can interact with the vRNA and with NS2, while NS2 then interacts with CRM1 for nuclear export (21) . Interestingly, PI3K signaling (cluster 5, fig. 6 ) has also been shown to affect vRNP nuclear export, as well as viral mRNA transcription and translation (16) .
When the viral mRNAs reach the cytoplasm they require the cellular machinery for translation (cluster 1, fig. 6 ). Viral infection shuts-off translation of host-proteins and enhances translation of viral proteins. This meta-analysis identified not only several genes involved in mRNA translation (cluster 1, fig. 6 ), but also a large cluster of translation initiation factors (cluster 3, fig. 6 ). It's possible that these translation initiation factors play an important role in the selectivity of virus specific translation initiation or on the inhibition of host translation initiation.
Assembly and budding of viral particles
During the last stages of the Influenza virus life cycle all viral components are transported to the host cell plasma membrane for assembly. Transport of viral proteins to these sites is dependent on several host factors. Several viral proteins get to the plasma membrane through vesicle transport pathways (cluster 15, fig. 6 ). The COPI complex has an important role in the transport of viral glicoproteins (cluster 9, fig. 6 ).
The transport of vRNPs to the budding site may be mediated by its interaction with host cytoskeletal components (clusters 7 and 10, fig. 6 ), facilitated by the interaction of NP and M1 with actin. The last step in Influenza infection, viral budding from the host cell membrane is also dependent on the host cell cytoskeleton (17) .
Other identified functions
Several other new protein complexes have been identified in this meta-analysis, whose function in the Influenza life cycle is still unknown, such as: cluster 6, glicerolipid metabolism; cluster 7, Arp 2/3 protein complex and respiratory chain; cluster 11, phophorylation signaling; cluster 13, G protein coupled receptor signaling; cluster 16, Glutathione transferase and glycolysis. Further studies are required to determine the relevance of these results and to better define the importance of these host factors in Influenza infection.
Concluding remarks
As seen in several viruses, Influenza A takes advantage of several components of the host cell machinery for its replication. Recent advances in science have now allowed the development of genome-wide screens that can be used to investigate the importance of nearly all host genes in the viral life cycle.
Taking advantage of such technique, several screens in the past few years have evaluated genome-wide host factors dependencies for Influenza infection. This meta-analysis evaluates nine such screens to identify commonalities that point towards protein complexes that can be identified with high confidence as host dependency factors for Influenza infection. These high confidence host dependency factors identified could be important drug targets to treat Influenza infection, aiming to alleviate the large burden brought upon global health by this virus.
Methods
This meta-analysis used results for published genome-wide screens for Influenza virus host dependency factors. The list of dependency factors collected from each screen was based on the reporting paper's final results, after results had been filtered into high confidence gene lists. Gene lists from screens performed in other species were matched to their annotated human orthologs. Screens used are detailed in table I and complete gene list can be found in table SI.
Comparison of gene list was performed using the statistical language R (24) in RStudio (25). Network analysis were done in Cytoscape (26), using the plugins geneMANIA (14) , MCODE (15) and BiNGO (27) . Interaction network data imported into Cytoscape was also imported from the STRING database (13). irf6  3664  HPGD  3248  EPHB4  2050 MRPL12  6182  LRRC16A  55604 CRX  1406  TUBB2C  10383   NAGA  4668  ItpkbPAK3  5063 NUP205  23165  SUZ12  23512 GNB4  59345   TCAP  8557  SUPT6H 
